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Purpose: The extracellular matrix (ECM) labyrinthine network secreted by mesenchymal stem

cells (MSCs) provides a microenvironment that enhances cell adherence, proliferation, viability,

and differentiation. The potential of graphene-based nanomaterials to mimic a tissue-specific ECM

has been recognized in designing bone tissue engineering scaffolds. In this study, we investigated

the expression of specific ECM proteins when human fat-derived adult MSCs adhered and under-

went osteogenic differentiation in the presence of functionalized graphene nanoparticles.

Methods: Graphene nanoparticles with 6–10% oxygen content were prepared and charac-

terized by XPS, FTIR, AFM and Raman spectroscopy. Calcein-am and crystal violet staining

were performed to evaluate viability and proliferation of human fat-derived MSCs on

graphene nanoparticles. Alizarin red staining and quantitation were used to determine the

effect of graphene nanoparticles on osteogenic differentiation. Finally, immunofluorescence

assays were used to investigate the expression of ECM proteins during cell adhesion and

osteogenic differentiation.

Results: Our data show that in the presence of graphene, MSCs express specific integrin

heterodimers and exhibit a distinct pattern of the corresponding bone-specific ECM proteins,

primarily fibronectin, collagen I and vitronectin. Furthermore, MSCs undergo osteogenic differ-

entiation spontaneously without any chemical induction, suggesting that the physicochemical

properties of graphene nanoparticles might trigger the expression of bone-specific ECM.

Conclusion: Understanding the cell–graphene interactions resulting in an osteogenic niche for

MSCs will significantly improve the application of graphene nanoparticles in bone repair and

regeneration.

Keywords: graphene nanoparticles, functionalized graphene, human mesenchymal stem

cells, extracellular matrix, fibronectin, collagen I, osteogenic niche

Introduction
Bone tissue engineering scaffolds used for cell therapies function as delivery

vehicles for osteoprogenitor cells to aid natural cellular and tissue behavior.

These scaffolds are dynamic and their function is dependent upon the interactions

between the biomaterial and the cells.1 Cells can be endogenous and be recruited

from the tissues in which the scaffold is implanted, or exogenous cells which can be

delivered to the site of injury. This cell–scaffold interaction triggers pathways that

can ultimately affect bone-cell formation, known as osteogenic differentiation.
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Adult mesenchymal stem cells (MSCs) constitute

a unique class of cells that have definite capabilities to

differentiate into specialized lineages, such as an osteoblast.

MSCs are spindle-shaped, fibroblast-like cells that can be

isolated from bone marrow, umbilical cord blood, dental

pulp, skin and adipose tissue. Isolated MSCs are adherent

and can be expanded in tissue culture to generate primary

cultures.2,3 The performance of MSCs is dependent on an

assembly of biochemical, physical, and environmental fac-

tors, especially the substrate topography and the extracellular

matrix (ECM). These factors allow MSCs to differentiate

into osteoblasts, in vitro and in vivo, when placed in an

osteogenic environment. Hence, MSCs are reliable and pre-

ferred source of osteoprogenitors.4,5 When MSCs are

implanted in vivo, or seeded onto the scaffolds in vitro,

their survival, proliferation, differentiation are dependent on

the microenvironment or “niche” in which they are placed.

Cell fate is dictated not only by the ECM of the environment

but also by the response of the MSCs to the environment.

When exogenous MSCs interact with biomimetic scaffolds,

they can trigger the endogenous cells to produce ECM, or the

MSCs themselves can express ECM proteins to form the

matrix.6–9 Thus, understanding the niche signals that are

triggered, for instance, evaluating the ECM that is generated

when MSCs are seeded onto a scaffold and implanted in

a bone defect will help the consistency and efficacy of bone

tissue engineering and regenerative medicine approaches.10

During osteogenic differentiation, cells initiate the

synthesis of ECM, and express osteocyte-specific markers

such as alkaline phosphatase, osteopontin and osteocalcin,

thus enabling the cell to progress through bone cell devel-

opment. Bone ECM consists of a specific and unique

organization of collagen I fibers and hydroxyapatite.

Collagen I makes up more than 90% of the organic

phase of bone, and the remaining 10% consists of proteins

including fibronectin, laminin, vinculin and vitronectin.

Fibronectin, the major non-collagenous ECM protein, is

ubiquitously expressed and has a significant role in cell

adhesion and differentiation. Vitronectin works with fibro-

nectin to promote cell adhesion and proliferation at the

early stages of the cell-substrate interaction processes.11

Vinculin is a component of focal adhesions, and it has

a major role in both the cell-to-cell and cell-to-matrix

adhesion physiology. Vinculin also plays an important

role in the control of the binding of actin filaments in

cell adhesion to the matrix.8,9,11-15

Given the importance of ECM in cellular functions, and

its tissue – specificity, current strategies in bone tissue

engineering involve generating constructs that mimic the

native bone ECM.16 These constructs can be generated either

by adding MSCs, specific growth factors (VEGF, PDGF,

etc.); coating bone-specific ECM proteins such as fibronectin

and vitronectin17–19 onto the surface of scaffolds; or by using

inherently bioactive scaffolds alone with physicochemical

properties to match the native ECM. The use of specific

growth factors can be expensive, and using protein coatings

alone does not result in a composition, function, microstruc-

ture, and architecture that is sufficiently similar to native

ECM. Therefore, the long-term goal of bone tissue engineer-

ing is to develop scaffolds that can create an “osteogenic” or

“bone-specific niche” for cells by inducing the expression of

bone-specific ECM proteins.

Biomaterials fabricated into nanoscale (1–100 nm)

structures (nanomaterials) have been shown to mimic the

native ECM and promote cell adhesion and osteogenic

differentiation.20–22 Graphene-based nanomaterials have

recently been recognized as useful components of bone

tissue engineering scaffolds. Graphene derivatives are pre-

ferred over the pristine form and can be produced rela-

tively easily by functionalization of pristine graphene, with

the ultimate goal of reducing pristine graphene’s toxicity

and increasing its usability in biomedical applications.23,24

Graphene derivatives, including nano-sheets, ribbons, and

low/high/partially oxidized graphene, graphene oxide and

reduced graphene oxide have varying physical and chemi-

cal properties and minimal to no toxicity.25 These itera-

tions can be used as components of biocompatible and

biomimetic scaffolds for bone tissue engineering.26,27

Therefore, despite the concerns due to toxicity, graphene-

based nanomaterials and scaffolds have been used success-

fully in animal and in vitro models of bone defects and

assays.28–38 Even though the results of the in vitro assays

and animal models described above are encouraging and

strengthen the use of graphene derivatives in biomedicine,

the biocompatibility and cytotoxicity of graphene nanopar-

ticles is altered by parameters, such as surface functiona-

lization, shape, size, dose, cell type, and the experimental

design. As a result, more research is warranted before the

nanoparticles can be used effectively in a human clinical

setting.

Our group has demonstrated that a low oxygen (6–10%)

functionalized form of graphene nanocomposite (LOG –

low-oxygen graphene) is cytocompatible and exhibits

osteoinductive effects in vitro and osteoconductive and

osseo-integrative effects in vivo when used with fat-

derived goat MSCs.29,37 As previously described, the
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LOG form of nanoparticles are distinct from the commer-

cially available forms of graphene oxide and the reduced

graphene oxide, or the carbon-based nanosheets.24,38 The

aim of the current study was to evaluate the effect of low-

oxygen graphene nanoparticles on cellular adhesion and

osteogenic differentiation of human adipose tissue-derived

MSCs (hMSCs), with a focus on the spatiotemporal expres-

sion profiles of ECM proteins during these processes. Our

long-term goal is to evaluate the signaling mechanism(s)

that are initiated when hMSCs are seeded on graphene

nanoparticles, and the current study is the first step in that

direction. We hypothesized that the structure and topogra-

phical features of functionalized graphene nanoparticles will

create an “osteogenic niche” for human MSCs, which will

be demonstrated by osteogenic differentiation and the

expression and unique distribution pattern of ECM proteins.

Methods
Isolation, ex vivo Expansion, and

Characterization of Human MSCs
Stromal vascular fraction cells were obtained from human

adipose tissue from patients undergoing panniculectomies in

accordance with a protocol approved by the IRB at the

University of Tennessee Medical Center in Knoxville.

Awritten, informed patient consent was obtained prior to the

harvest. The hMSCs were isolated, ex vivo expanded and

characterized as described previously.39 All experiments

were performed using cells, from passages 2 through 6 only,

and were incubated in complete growth media (DMEM/F12,

1% penicillin-streptomycin/amphotericin B, 10% FBS).

MSCs obtained were confirmed by their morphology,

potential to undergo tri-lineage differentiation, and expres-

sion of specific protein markers, using methods reported

previously.4,39 In vitro experiments were carried out simul-

taneously on control (polystyrene or plastic) and graphitic

surfaces. The control substrates were chosen as appropri-

ate for the assays under experimentation.

In addition to the basic characterization of hMSCs, the

expression of specific integrin heterodimers on their cell sur-

face was evaluated in expanded cells. 1 × 106 of hMSCs were

stained with anti-human α2β1, α5β1and αVβ6 (Millipore

Sigma), α9β1 and αVβ3 (BioLegend), and αVβ5
(Developmental Studies Hybridoma Bank, University of

Iowa), and their corresponding isotype-matched controls. The

manufacturer’s recommended concentrations of antibodies

were used. Immunophenotyping was performed as previously

reported.3939 Briefly cells were harvested and counted,

blocked in 1% goat serum in PBS for 20 mins at room tem-

perature, and then stained with each primary antibody for

20 mins at room temperature in the dark. Subsequently, cells

were washed with PBS, were collected by centrifugation and

were incubated with either IgG1/APC or IgG2b/PE

(Biolegend) secondary antibodies for 20 mins at room tem-

perature in the dark. Finally, cells were fixed with 4% paraf-

ormaldehyde/PBS for 10mins at room temperature in the dark.

Roughly 20,000 events from each staining were analyzed

using a BD FACS Calibur. The raw data were analyzed by

FlowJo software.

Preparation and Characterization of

Functionalized Graphene Films
Pristine graphene was modified to produce a low-oxygen

functionalized form of graphene (LOG) with 6% to 10%

oxygen content as reported previously.24,37 Briefly, gra-

phene nanoplatelets (Product # N002-PDR, 1–1.2 nm

thick, ≤10 µm lateral dimensions) were commercially

obtained (Angstron Materials, Dayton, OH) and subjected

to an aqueous acidic environment ((conc H2SO4:conc

HNO3: DI water, volume ratio of 6:2:3) for oxidation.

For coating a surface, a 15 mg mass sample of LOG was

mixed with 30 mL of 90% ethanol (200 proof, ACS reagent

grade, Acros)/10%ultrapure water (18.2Mohm, 0.055uS/cm).

The mixture was bath sonicated for 60 min followed by probe

sonication (Sonics Vibra-cell VCX-130 equipped with 6 mm

probe tip, 100% power for 60 min in pulses of 5sec ON, 5sec

OFF). The dispersed material was then dropped using

a micropipette onto individual 15 mm plastic coverslips or in

each well of a 12 well plate, to give a coating of 0.21mg/cm2.

The physicochemical nature of the LOG nanoparticles was

confirmed by X-ray photoelectron spectroscopy (XPS), struc-

tural analysis by Raman spectroscopy, functional group analy-

sis by infrared (FTIR) spectroscopy, and the surface roughness

after coating of substrates was evaluated using atomic force

microscopy (AFM). XPS, Raman, and FTIR analyses were

carried out as described previously.24,38 Briefly, XPS was

performed on powder samples placed on double-sided tape

on a glass substrate, and their elemental composition was

studied using a Thermo K-alpha (Waltham, MA) XPS. IR

was performed on pressed pellets made from the LOG powder

sample and KBr was assessed using a Thermo Scientific FTIR

Nicolet Model 6700 Spectrometer (Waltham, MA). Raman

measurements were performed on samples of graphene pow-

ders placed on a silicon substrate using a 514 nm laser with

Horiba Jobin Yvon LabRam 800 Micro-Raman (Edison, NJ).
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For AFM, the scans were obtained using tapping mode (3.90

V) at 0.5 Hz and 256 lines, with integral gains between 0.5 and

2.5 and amplitude set point averaging around 19 nm. Three

different 50 µm x 50 µm randomly selected regions (edge,

middle, and the center) were selected. The scans were then

analyzed for surface roughness using NanoScope Analysis 1.5

(Bruker) software. Each surface scan was analyzed with the

selection command across at least two dimensions to deter-

mine average roughness (Ra) and root-mean-square (Rq).

In vitro Cell Viability and Proliferation on

LOG Nanoparticles
Cell viability and proliferation of hMSCs on LOG was

evaluated using two independent assays over an 8-day

study period. Calcein-am fluorescence imaging, and crys-

tal violet staining and quantitation were used, as described

previously.40,41

Cell viability on LOG was assessed using calcein-am

staining as per the manufacturer’s recommendations.

Briefly, 25X103/cm2 hMSCs were seeded on LOG and

control substrates and were incubated with a 2µg/mL

calcein-am/dimethyl sulfoxide mix in HBSS at 37° for

5 mins at 2, 4, 6 and 8 days post seeding. Green fluores-

cent staining was visualized and imaged using All-in-one

Microscope BZ-X700 (Keyence).

Crystal violet staining and quantitation were used to deter-

mine changes in cell mass reflecting cell proliferation.40 For

staining, at 2, 4, 6 and 8 days post-seeding, cells were fixed for

10 min with 4% paraformaldehyde/PBS. The fixed cells were

stained with a 0.1% crystal violet solution in deionized water

for 30 min at room temperature then washed three times with

deionized water. Crystal violet-stained cells were visualized

and imaged using All-in-one Microscope BZ-X700

(Keyence). For quantitation, the stain was dissolved in 10%

acetic acid and quantified by measuring the absorbance at 595

nm (Synergy HT). Data were plotted and statistics performed

in Prism (Graphpad).

Osteogenic Differentiation and

Mineralization
For osteogenic differentiation, hMSCs at a seeding density of

25X103 cells/cm2 were induced to undergo differentiation by

being exposed to complete growth media supplemented with

100nM dexamethasone, 10nM β-glycerophosphate and

155µM ascorbic acid. At 21 days, cells were fixed in 4%

paraformaldehyde/PBS for 10 mins at room temperature and

stained with alizarin red to detect calcium in the osteoblasts.

The accumulation of calcium in hMSCswas quantitated by the

elution of alizarin red dye with 10% cetylpyridinium chloride

and the color was read at 570 nm.42 Background readings due

to the substrates alone without any cells were subtracted from

the sample readings to eliminate nonspecific values. Data were

plotted and statistics performed in Prism (Graphpad).

Cytoskeletal Organization and ECM

Proteins
Cytoskeletal organization and MSC morphology were

assessed by evaluating the expression patterns of F-actin and

vimentin using previously reported methods.39 The expression

of ECM proteins during cell attachment (ie within 24 hrs of

seeding) and osteogenic differentiation (21 days after seeding)

was assessed qualitatively by immunofluorescence detection

assays. A panel of ECM proteins was used. Two distinct

fibronectin antibodies, 181 and 182, vitronectin, collagen

I and II, laminin and vinculin were used. Briefly, hMSCs at

specified time points were fixed with 4% paraformaldehyde at

room temperature for 10mins, permeabilizedwith 0.1%Triton

X-100 in HBSS at room temperature for 10 mins, and subse-

quently blocked with the Universal Blocking Reagent

(BioGenex) for 30 mins at room temperature. Cells were

incubated with 1–2ug of all primary antibodies and samples

were incubated at 4°C for 24 hrs. Alexa Fluor 594 phalloidin

(A12381; Invitrogen), Vimentin (#550513; BD Pharmingen),

Collagen I (#ab3470; Abcam), Collagen II (#ab34712;

Abcam), Fibronectin 181 (MAB19172; R&D Systems),

Fibronectin 182 (#MAB19182; R&D Systems), Vinculin

(#ab129002; Abcam), Vitronectin (#ab113700; Abcam), and

Laminin (#MAB2144; R&DSystems). The cells were washed

and incubated with appropriate Alexa Fluor – labelled second-

ary anti-mouse or anti-rabbit antibodies at room temperature

for 30 mins in dark. Alexa Fluor 594 Phalloidin was preconju-

gated and hence, did not require any secondary antibody treat-

ment step. The cells were washed twice and mounted on

microscope slideswith a drop of ProlongGold antifade reagent

with 4′, 6-diamidino-2-phenylindole (DAPI;Molecular Probes

by Life Technologies). The cells were analyzed under

a fluorescence microscope (Leica DMi8).

Results
Pristine Graphene Was Functionalized to

Produce LOG Nanoparticles
Pristine graphene was functionalized to improve dispersibil-

ity, and a form containing 6% to 10% oxygen was synthe-

sized. This is referred to as low-oxygen graphene (LOG).

Newby et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:152504

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


The LOG nanoparticles used in these experiments are distinct

from commercially available graphene oxide and reduced

graphene oxide forms, and have been extensively character-

ized and distinguished from the other forms, as described

previously.24,38 The functionalized form of graphene was

characterized by a variety of physicochemical techniques

(Figure 1). The XPS spectrum in Figure 1A, shows distinct

photoemission peaks corresponding to C1s at 284.8eV, O1s

at 533eV, N1s at 405eV, S2p at 164eV, with an average

elemental composition of 88.73% carbon, 10.57% oxygen,

and <0.5% of nitrogen and sulfur (remaining from reagents

used during the oxidation procedure), confirming that the

synthesized form of graphene nanoparticles are indeed

LOG. Further details from the XPS spectrum demonstrate

the types of functional groups present in the samples. Both

carbon (C1s) and oxygen (O1s) narrow scan spectra were

collected and analyzed (Figure 1B and C). After completing

a fitting analysis, the C1s narrow scan exhibited peaks at

248.78eV (aliphatic/aromatic C), 286.14eV (C-O), 287.26eV

(C=O), 288.83eV (carboxyl, O-C=O), and 290.70 eV for ᴨ-

ᴨ* shakeup satellite peak. For the oxygen scan (O1s), two

main underlying peaks are present at 532.06eV for O-C and

533.69eV for O=C.43,44 This data suggests a predominantly

carbon-rich sample with hydroxyl, carbonyl, and carboxyl

functional groups on the surface.

In addition to XPS, Raman and infrared spectroscopy

were used to characterize the graphene material. Raman

spectroscopy provides information on the lattice structure

of the materials and the results are displayed in Figure 1D.

The main spectral features are observed at approximately

1350 cm−1, 1600 cm−1, and 2700 cm−1 corresponding to

the D-, G-, and 2D-bands, respectively.45 By analyzing the

intensity of the D- and G-bands, the defect nature of the

material was determined. The nanoparticles generated in

this study displayed an ID/IG ratio of 1.34, which is con-

sistent with other published reports from our group on this

form of graphene. The FTIR spectra shown in Figure 1E

provided evidence of oxygen functional groups, such as

hydroxyl groups by stretching mode at ~3400 cm−1 and

bending mode at ~1400 cm−1. Carbon-hydrogen and C-OH

stretches are seen in the 2950–2850 cm−1 region and in the

1200–1050 cm−1region, respectively. Carbonyl stretching

mode was present at ~1720 cm−1, with sp2 stretching from

the extensive hexagonal carbon framework observed at

1630 cm−1.46 These vibrational modes observed in FTIR,

coupled with results from Raman and XPS confirm that

the synthesized form of graphene nanoparticles are indeed

LOG as described previously.24,38,47

LOG Nanoparticles Exhibit Rough

Surface
Surface roughness was evaluated using atomic force

microscopy (AFM, Figure 2). AFM images show that the

LOG surface had mean roughness values of ~630nm Rq

(or RMS, root-mean-square) and ~460 nm Ra (average

roughness), suggesting potential sites for cell attachment.

Progenitor Cells are MSCs and Express

Specific Integrin Heterodimers
Fibroblast morphology and tri-lineage differentiation patterns

of primary cultures were generated from the human stromal

vascular fraction to confirm the MSC nature of cells as

described previously.39 Of relevance to this study, the integrin

heterodimer profile of MSCs was compared between tissue

culture polystyrene substrate and LOG surfaces. Data show

that the expression pattern is conserved on both substrates

(Supplementary Figure 1). Specifically, there was a >90%

expression of α2β1, αVβ5, α5β1 and α5β3 heterodimers on

both surfaces, suggesting that the adhesion of hMSCs on the

LOG surface is similar to that of the polystyrene surface and

could be mediated via any one or a combination of these

heterodimeric integrin subunits.

LOG Surface Is Cytocompatible
Calcein-am staining and fluorescence imaging were used to

confirm cell viability as well as the distribution of hMSCs on

the LOG surface at specific time points (Figure 3A). Calcein-

am is a fluorogenic, cell-permeant probe that indicates cellular

health. Native Calcein-am is non-fluorescent, and shows

a green fluorescence only when it reacts with the esterases

that are present within live, healthy cells. As a result, the green

fluorescent signal indicates cell viability. Additionally, data

show that hMSCs were healthy, viable and subjectively grew

in population over an 8-day period. Cells showed a distinct

pattern of adhesion and clustering on LOG surfaces relative to

the random distribution observed on tissue culture polystyrene

substrate. This pattern could be due to the clustering of cells to

specific areas of LOG surfaces or that the graphene coating in

those areas is too dark to image cells. In any case, the cells that

are imaged appear healthy and hence, the LOG surface was

deemed cytocompatible.

Crystal violet staining (Figure 3B) and quantitation

(Figure 3C) were used to evaluate cell proliferation. Data

showed that cells adhered to LOG surface and proliferated

with time and the cell numbers were comparable with

tissue culture polystyrene substrate, further supporting
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A

B C

D E

Figure 1 X-ray photoelectron spectroscopy survey scan (A), O1s narrow scan (B), and C1s narrow scan (C). Average atomic percent (O is oxygen as determined fromO1s peak,

N is nitrogen as determined fromN1s peak, C is carbon as determined fromC1s peak, and S is sulfur as determined from S2p peak) and standard deviation from data sets are given

in the survey scan. Data collected on the low-oxygen graphene (LOG) sample by Raman spectroscopy (D) and infrared spectroscopy (E) are also displayed.
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the calcein-am staining and confirming the cytocompat-

ibility of LOG surfaces.

LOG Nanoparticles Inherently Induce

Osteogenic Differentiation
In view of the data from our previously published study,29,37

osteogenic differentiation and mineralization of hMSCs on

LOG surfaces were assessed using Alizarin red staining and

quantitation (Figure 4). Data show that hMSCs seeded on

LOG nanoparticles demonstrated significantly greater cal-

cium content relative to the cells on the control surface

(p=0.0018). Interestingly, this upregulation was observed

in the absence of any osteogenic inducing reagents (dexa-

methasone, beta-glycerophosphate or ascorbic acid), sug-

gesting that the LOG surface induces accumulation of

calcium in MSCs spontaneously, that is it induces osteogenic

differentiation in vitro. Calcium content was further

enhanced (p=0.0088) in hMSCs on LOG when osteogenic

inducers were added to the media. This increase was similar

and as expected to that observed in hMSCs seeded on the

control surface in the presence of the osteogenic inducers

(p=0.05), suggesting a potential synergistic effect of LOG

nanoparticles and the osteogenic inducing reagents.

In order to study the osteoinductive effect of LOG

nanoparticles without any interference from the osteogenic

inducers, in vitro assays described below were carried out

in the absence of osteogenic inducers and in growth media

only. Correspondingly, to maintain the uniformity of the

osteogenic status of the cells, hMSCs on the control

substrates were differentiated in the growth media supple-

mented with the osteogenic inducers.

Human MSCs Display Cytoskeletal

Integrity on LOG Surfaces
The cytoskeletal health and integrity of the hMSCs were

further confirmed on LOG surfaces by visualizing F actin

filaments using a fluorescent derivative of Phalloidin

(Figure 5). Fetal bovine serum in the cell media (growth

and osteogenic media) is the main source of proteins that

can adsorb onto a biomaterial and stimulate the production of

ECM. As a result, the cytoskeletal integrity and morphology

of hMSCs were evaluated in varying concentrations of FBS,

ranging from 0% to 10%. Cells were fixed 24 hrs post

seeding and morphological evaluation of F-actin fluores-

cence showed that hMSCs on LOG in media containing

2%, 5% and 10% FBS were relatively healthy and displayed

robust cytoskeletal morphology. Cells in the absence of FBS

(0%) appeared rounded and unhealthy. Although cells sur-

vived the 2%, 5% and 10% FBS media on LOG surface,

corresponding cells on the control surface appeared

unhealthy, were not viable and did not proliferate in media

with <10% FBS (data not shown). In order to maintain

identical cell culture conditions, hMSCs were seeded on

both the control and LOG surfaces in media containing

10% FBS in all subsequent experiments. The cytoskeletal

integrity of cells was first confirmed at 24 hrs during cell

adhesion, and subsequently, during osteogenic differentiation

at day 21 (Figure 5A).

Figure 2 Atomic force microscopy. Plot of roughness values (average roughness – Ra and root-mean-square – Rq) from six atomic force microscopy (AFM) images of low-

oxygen graphene (LOG) surface (Left panel) is shown. Data were obtained from 6 AFM images: data shown with diamonds, mean value with solid circle+line, and the

standard deviation with whiskers. Representative AFM image from a random spot of LOG surface on glass coverslip is shown (Right panel).
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Figure 3 Cell viability staining. (A) Cell viability was evaluated on tissue culture polystyrene (I) and low-oxygen graphene (LOG) (II) by calcein-am staining. Calcein-am exhibits green

fluorescence and demonstrates live cells. Fluorescent images show that humanmesenchymal stem cells (hMSCs) adhered to and were viable on LOG surfaces similar to tissue culture

polystyrene at all -time points. A distinct clustering of cells was, however, observed on LOG surface as early as 2 days post seeding and continued throughout the experiment on day 8.

Scale bar =100um. (B) Indirect staining and quantitation (C) further confirmed cell viability and proliferationwhen hMSCs adhered to tissue culture polystyrene (I) and LOG (II) surfaces

using crystal violet staining between days 2–8.

Newby et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2020:152508

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Simultaneous to the above experiments, we ensured that

the stem cell nature of hMSCs was maintained throughout

the study period by evaluating the expression of vimentin,

a mesenchymal stem cell marker48 (Figure 5B). Data con-

firmed that hMSCs adhered to the LOG surface and

expressed vimentin confirming that hMSCs did not lose

their “stem cell” characteristics during the cell culture pro-

cess on LOG surfaces.

ECM Proteins are Expressed on LOG

Surfaces
In order to evaluate the expression of ECM proteins that

might be influenced by the serum in the media, IF assays

were carried out on LOG surface in the absence of cells

and only in presence of 10% FBS-containing media at 24

hrs and at day 21. The expression patterns of collagen I,

collagen II, fibronectin, laminin, vinculin, and vitronectin

were evaluated. IF analyses on the LOG surface did not

show the expression of any ECM proteins in the absence

of hMSCs in any of the samples tested, clearly demonstrat-

ing that the serum proteins do not contribute to the ECM

on LOG surface and hence, do not have a role in cell

adhesion or differentiation.

Next, we evaluated the expression of ECM proteins

when hMSCs were seeded on the LOG surface (Figure 6).

The expression patterns were evaluated at 24 hrs to assess

the ECM proteins involved in cell adhesion (Figure 6A),

and, at day 21, to evaluate proteins involved in osteogenic

differentiation (Figure 6B). There were an expression and

a discrete pattern of distribution for collagen I, fibronectin

182, vinculin and vitronectin was evident within 24-hrs

post-seeding. Collagen II was weakly expressed and there

was no expression of laminin, suggesting either that these

proteins are not involved in adhesion and osteogenic dif-

ferentiation of hMSCs on the LOG surface, or that the

specific antibodies did not cross-react. Qualitatively, the

distribution patterns appeared striking and discrete.

Discussion
In this study, we present in vitro data showing that in presence

of functionalized graphene nanoparticles with 6–10% oxygen

content, human fat-derived MSCs express and secrete

a discrete and organized pattern of bone-specific ECMproteins

within 24 hrs post seeding. Noteworthy is the fact that these

ECM proteins were expressed in the presence of hMSCs with-

out any contribution from the FBS present in the media. This

pattern persists throughout the osteogenic differentiation pro-

cess through day 21. The expression of specific ECM proteins

within 24 hrs of cell seeding suggests that this phenomenon

was influenced by the LOG nanoparticles, and was not

a behavior of cell development or variation in culture. Our

data support the earlier studies demonstrating that the expres-

sion of bone ECM – specific proteins, fibronectin, collagen I,

vinculin and vitronectin affects osteogenic

differentiation.9,12,13,18,19 For the first time, data show that

these specific ECM proteins are involved in LOG nanoparti-

cles –mediated cell adhesion and osteogenesis, which is novel

and important.

Detailed evaluation of F actin staining and ECM protein

expression profiles showed that hMSCs adhered, spread and

covered the LOG surface within 24 hrs. Distinct areas with

filipodia extensionswere observed, suggesting tight cell–mate-

rial interactions. Furthermore, cells arrange in multilayers, and

form clusters with time, suggesting that the LOG surface offers

some cell guidance, meaning attachment is not random, but

organized. The clustering of hMSCs, a hallmark of osteogenic

differentiation49 further supports the commitment towards

osteoblast lineage, which was confirmed via alizarin red stain-

ing and quantitation.

The cells also expressed α2β1, αVβ5, α5β1 and α5β3
integrin heterodimers, and, as judged by the calcium con-

tent accumulated in the cells, underwent osteogenic differ-

entiation, suggesting that the interaction between integrin

and the corresponding ECM protein partners (fibronectin

and vitronectin) might mediate cell adhesion and subse-

quent osteogenic differentiation. These data further

strengthen the observed expression of the specific ECM
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Figure 4 Osteogenic differentiation assay. Calcium content of cells that were

seeded on tissue culture polystyrene (Control) and low-oxygen graphene (LOG)

surfaces were visualized by Alizarin red staining and subsequently quantitated. The

calcium content of cells seeded in growth media without any osteogenic inducers

(undifferentiated) was compared to cells that were exposed to differentiation media

(differentiated) for 21 days. Media blank, ie the tissue culture polystyrene and LOG

surfaces without any cells were used as blanks and the corresponding absorbance

readings were subtracted. Significantly different values (p<0.05) are indicated by

letters. Identical letters indicate no significance.
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proteins and provide clues to the integrin-ECM protein

interactions on graphene substrate.

Another important observation from our experiments is

that in the presence of LOG substrates, hMSCs underwent

osteogenesis spontaneously without any osteogenic indu-

cers. These results prove our hypothesis that the surface

chemistry and topography of LOG nanoparticles create an

osteogenic niche for hMSCs, at least in part by inducing

integrin and specific ECM proteins’ interaction, and thus,

eliminating the need for osteogenic inducing agents.

Graphene nanocomposites that are being developed for

bone tissue engineering are intended to serve as ECM

analogs, but little is known about the mechanisms by

which they regulate cell function. It is possible that similar

A

B

24 hrs

0% 2%

10% FBS
Day 21

24 
hrs

II

I

5% 10%

21 days

Figure 5 Cytoskeletal integrity, cell morphology, and cell identity. (A) Alexa fluor 594 conjugated phalloidin was used to evaluate cytoskeletal integrity and cell morphology

of human mesenchymal stem cells (hMSCs) when they were seeded on low-oxygen graphene (LOG) in presence of growth media containing 0, 2, 5, 10% fetal bovine serum

(FBS). Cells were fixed with 4% paraformaldehyde after 24 hrs and stained to visualize F-actin (I). Cells were incubated on LOG surface for 21 days in 10%FBS containing

media to ensure that the cell integrity and morphology are maintained during the 3-week period of osteogenic differentiation (II). (B) Expression of vimentin in hMSCs

confirmed their identity. Vimentin was used to image cells during cell adhesion ie within 24 hrs (I) and differentiation ie at day 21 (II) on low-oxygen graphene (LOG)

surfaces. The insets show fluorescent staining of hMSCs on tissue culture polystyrene surface.
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to gold nanoparticles, graphene nanoparticles may interact

with the ECM to up-regulate β1-integrin, generate mechan-

ical stress on the MSCs resulting in activation of the p38

MAPK pathway, and, in turn, may induce spontaneous

osteogenic differentiation.31,50,51 Furthermore, osteogenic

inducers included in the growth media may create an osteo-

genic environment for MSCs to commit towards osteoblast

lineage. The expression of specific ECM proteins by

hMSCs on LOG surfaces potentially provides cues for

cells to undergo osteogenic differentiation, the exact signal-

ing mechanism(s) of which needs to be elucidated.

One major challenge in bone tissue engineering is to

develop novel scaffolds capable of controlling cell fate.

This is the essence of biomimicry. Besides biochemical

stimuli, physical properties of scaffolds including, surface

patterns, elasticity and nano-topography have been shown

to affect osteogenic differentiation of MSCs.52–54 It is

possible that the areas of cell clustering observed on

LOG nanoparticles overlap with areas of increased surface

roughness, and provide an ideal niche for anchoring, pro-

liferation, and potentially osteogenic differentiation and

mineralization. Published research supports that rough

surfaces allow cells to attach more easily due to the multi-

ple sites for cell‒surface interaction and increasing cytos-

keletal stresses result in the recruitment of more adhesive

molecules.55,56 The results of the studies reported herein

demonstrate that osteogenesis may be partially due to the

rough topography of LOG nanoparticles, further supported

by published studies.57–62

Conclusion
Our data supports our hypothesis and confirms that the LOG

nanoparticles used in these studies are cytocompatible,

inductive of osteogenic differentiation and that hMSCs

recognize graphene nanoparticles as biomimetic in vitro sub-

strates for the purpose of osteogenic cell culture experiments.

We demonstrate the expression of specific ECM proteins by

hMSCs in response to a specific form of LOG graphene

nanoparticles. The graphene nanoparticles + MSC constructs

provide us with a system that can be used to understand the

signaling mechanisms, or cues, that are triggered when

MSCs are committed towards the osteogenic lineage.

Future experiments using this system will potentially aid in

exploring the mechanisms underlying osteogenesis mediated

by the specific ECM proteins on LOG nanoparticles, which

will further improve the applicability and the use of graphene

nanoparticles in bone tissue engineering.
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